We perform second-harmonic generation (SHG) microscopy with circularly polarized (CP) light to measure chirality of individual twistedcross gold nanodimers. The chiral signatures, based on different SHG response for the two CP components of incident light, are clearly visible even with off-resonance excitation. The SHG responses of individual nanodimers are found to vary by about a factor of five. The technique thus has very high sensitivity to the nanoscale deformations of the structure. The chiral signatures of the dimers, however, are found to be more uniform, and the technique is thus able to recognize the handedness of the twisted nanodimers with high reliability. Electromagn. Waves Appl. 17(5), 695-706 (2003). 6. J. B. Pendry, "A chiral route to negative refraction," Science 306(5700), 1353-1355 (2004). 7. E. Plum, J. Zhou, J. Dong, V. A. Fedotov, T. Koschny, C. M. Soukoulis, and N. I. Zheludev, "Metamaterial with negative index due to chirality," Phys. 1975-1977 (2008) 
Introduction
Chirality is a fundamental symmetry property of materials, referring to lack of reflection/inversion symmetry in the material system [1] . Chiral molecules thus occur in two mirror-image forms (enantiomers), which cannot be superimposed on top of each other. Chiral materials interact differently with the two circularly polarized (CP) components of light, which give rise to optical activity (OA) effects, such as polarization rotation and circular dichroism [1] . The circular-difference (CD) effects reverse sign between the two enantiomers of a chiral molecule. For isotropic solutions of chiral molecules, the OA effects arise from lowest-order magnetic contributions to the optical response [1] . Due to its relation to broken inversion symmetry, chirality is inherently associated with three-dimensional (3D) molecular structures. The development of advanced nanofabrication techniques has led to the new research field of metamaterials [2, 3] , where chirality is an important issue [4] . Chirality has been proposed as an interesting way to achieve negative index of refraction [5] [6] [7] [8] . In addition, precise engineering of the structural properties of chiral metamaterials can lead to artificial subwavelength features that give rise to giant and broadband OA effects [9] [10] [11] [12] [13] [14] [15] [16] , which open intriguing possibilities in nanoscale polarization control. Such materials often consist of twodimensional (2D) arrays of metal nanoparticles. Nevertheless, even then chiral effects arise from the 3D character of real samples [9, 10] . In fact, strong polarization effects have been observed with structures that have been designed to be 3D, including double-layer structures, where the interaction in the vertical direction plays a key role [11] [12] [13] [14] [15] [16] .
Metal nanoparticles are interesting also for nonlinear optics. This is because their plasmonic and magnetic resonances support strong local fields, which can drive the nonlinear responses efficiently [17] . Second-harmonic generation (SHG), e.g., has been observed from split-ring resonators [18-21], T-shaped nanodimers [22] , and L-shaped nanoparticles [23, 24] . Second-order effects, however, are extremely sensitive to the structural symmetry of the samples, with chirality and anisotropy having their unique signatures in the polarizationdependent nonlinear responses [23] [24] [25] . In fact, this sensitivity is so high that even effects arising from undesired symmetry breaking, including shape distortions and surface defects, affect the responses [26] [27] [28] . For metal nanostructures, the overall second-order response thus arises from a complicated interplay between the plasmonic resonances of the particles and their structural defects. This is in strong contrast with the linear optical responses, which can be well predicted by the overall features of the particles.
Another interesting aspect is that, by definition, chirality breaks the centrosymmetry of materials. Chiral materials therefore always have a nonvanishing second-order nonlinear optical response. This occurs even when the material is otherwise highly symmetric, including isotropic materials [29] [30] [31] [32] . SHG has earlier been used to probe chiral properties of molecular films [33] [34] [35] [36] . In the standard geometry of surface SHG, chirality leads to a different SHG response for the two CP components of fundamental light. Unfortunately, such techniques are compromised by possible in-plane anisotropy of the thin-film sample, which can also lead to such a secondharmonic generation circular-difference (SHG-CD) response [37] . This problem arises because the orientation of the anisotropic sample can make the experimental setup chiral. Separation of chirality and anisotropy is thus a significant problem [38] and a particular concern for metamaterials, where the unintended structural features may lead to anisotropy of chiral samples and vice versa. The separation problem can be overcome by increasing the symmetry of the experimental geometry. More specifically, SHG microscopy with a focused CP fundamental beam at normal incidence is only sensitive to chirality, but not to anisotropy [39] [40] [41] .
In this paper, we demonstrate that SHG microscopy can be used to probe chirality of individual nano-objects, which consist of double-layer twisted-cross gold nanodimers [15] . In order to avoid the false chiral signatures, our technique is based on measuring the different SHG response of the objects for both handedness of CP fundamental light at normal incidence. We find that the SHG responses of individual twisted nanodimers vary. Nevertheless, a twisted-cross of a given handedness has strong preference for one CP and this preference is opposite for the two enantiomers. On the other hand, the normalized SHG-CD response is more uniform. Our results show that SHG microscopy provides a sensitive tool to investigate both the chiral properties of metamaterials and the quality of the samples.
Chiral probes based on second-harmonic generation
SHG has been found to be extremely sensitive and highly versatile probe to investigate the chirality of molecules, solutions and thin films [33-36,38-52], and more recently also in the study of metal nanostructures [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . The sensitivity of SHG to chirality originates from its intrinsic sensitivity to symmetry properties. Another advantage of such nonlinear chiral probes is that, unlike linear OA effects, they are allowed within the electric-dipole approximation of the light-matter interaction. Because of this argument, the relative strength of SHG-CD can be on the order of unity and orders of magnitude greater than the relative strength of linear effects, which are typically on the order of SHG-based chiral probes usually rely on different efficiency of SHG for the two CP components of fundamental light. In addition to CP light, and the corresponding SHG-CD response, linearly-polarized light and the corresponding SHG linear-difference (SHG-LD) response have been shown to be chirality-sensitive [43, 46] . For molecular thin films, the second-order susceptibility tensor components involving the surface normal are usually important. Typical experiments with collimated beams are therefore performed at oblique incidence [42] [43] [44] [45] [46] [47] [48] [49] [50] to generate polarization components along the normal.
The traditional techniques work well under the assumption that the sample has in-plane isotropy, i.e., full rotational symmetry about the surface normal. However, if the sample has in-plane anisotropy, these techniques are compromised because the orientation of the anisotropy axis can make the experiment chiral, which can also give rise to a SHG-CD response [37] . Discrimination between anisotropy and chirality can be achieved by a technique, which involves azimuthal rotation of the sample about its surface normal [38] . It is evident that this approach is not suitable for nonlinear microscopy. On the other hand, we have recently developed a simple SHG technique, which is capable of distinguishing chirality from anisotropy in an unambiguous manner [40, 41] . The technique is based on strong focusing of CP light at normal incidence, making the experimental setup rotationally symmetric and thus insensitive to anisotropy. The technique is thus naturally applicable to SHG microscopy of chiral properties even for anisotropic samples, which is not the case in earlier second-order techniques for chiral microscopy, which have implicitly assumed that the sample has in-plane isotropy [51] [52] [53] .
For molecular films, the technique can be understood on the basis of the nonvanishing components of the second-order susceptibility tensor for various chiral and/or anisotropic symmetry groups and their coupling to all three field components in the focal volume [39, 40] . The SHG-CD response can then be shown to arise from interference between the achiral and chiral tensor components [33, [43] [44] [45] , where the latter change sign between the two enantiomers. The susceptibility tensor thus determines the SHG signals that can be measured and their relative strengths.
In the present work, however, we study metal nanodimers, which are known to modify the local-field distribution in the structure. Furthermore, the vectorial local field can contain components not present in the beam incident on the particles [22] . At this time, it is not feasible to track the local fields and their interaction with the local susceptibility tensors. This is not a problem in our measurement technique, however, because the possible SHG signals and their strengths are still determined by the overall symmetry of the nanodimers. In particular, we still expect different SHG response for the two CP components of fundamental light when the sample is chiral, independent of whether it has in-plane anisotropy or not.
The SHG-CD response is best described by the normalized quantity [47] SHG-CD LHCP RHCP AVE LHCP RHCP SHG-CD , ( ) / 2
where P is the collected SHG power and the subscripts LHCP and RHCP indicate the lefthand and right-hand CP components of the fundamental beam. Note that this quantity is defined in such a way that it varies between 2 and 2.
Second-harmonic generation microscopy
To characterize the nonlinear response and chirality of the sample, we used a custom-built SHG microscope with CP light as depicted in Fig. 1 . A mode-locked Nd:glass laser (Time Bandwidth, Switzerland; fundamental wavelength 1060 nm; pulse width 200 fs; repetition rate 82 MHz; maximum average output power 300 mW) is used as a source of fundamental light. A pinhole-expander assembly (PH, L1, L2) is then used to spatially filter and expand the laser beam. The resulting collimated beam with a diameter of 7 mm is directed to the back-aperture of an infinity-corrected microscope objective (O1; Nikon LU PLAN Fluor 50 × /NA = 0.80), which then focuses the beam on the sample. This objective is strain-free and was chosen to minimize any undesired polarization deformations when focusing. The focal spot has a waist diameter of 800 nm. The linear polarization of the fundamental beam is first cleaned up with a calcite polarizer (P) and then controlled with a motorized quarter-wave plate (QWP; Newport) to access the CP states. In particular, the QWP rotation angles of 0°/180° and 90°/270° correspond to righthand CP (RHCP) and left-hand CP (LHCP) beams.
The transmitted SHG signals were collected by a second microscope objective (O2; Olympus PLAN N 20 × /NA = 0.40). We emphasize that no analyzer was used after O2 to avoid any false chiral effects from the measurement geometry. We used a fundamental wavelength-blocking filter (FF), a narrowband interference filter (IF; 530 nm) and a tube lens (L3) to discriminate and focus the SHG signal onto a cooled photomultiplier tube (PMT). The sample is mounted on a 3-axis motorized translation stage (S; Thorlabs MAX301/M) to allow sample scanning. In order to acquire SHG images as a function of sample location, the sample was scanned in the transverse directions across the focal spot in steps of 50 nm. The pixel acquisition time was 5 ms and every single pixel measurement was repeated 4 times and averaged to form the actual pixel value. Note that sample (instead of beam) scanning is preferable to maintain the polarization purity of the fundamental beam in the focal volume. The scanning was accomplished by using a custom program written in LabVIEW. The microscope also included a secondary imaging arm, which consists of a white light source (WLS), two flip mirrors (FM1, FM2), tube lens (L4) and camera (C) to view a specific area of the sample before nonlinear imaging.
Double-layer twisted-cross chiral gold nanodimers
Our samples consist of a double-layer structure where each layer itself consists of an array of achiral gold crosses [15] . The chirality arises from the mutual orientation of the crosses in the two layers (Fig. 2) and is therefore directly associated with the 3D character of the structure. A relative twist angle of 22.5° between the crosses in the two layers was chosen to make the unit cell of the double-layer array chiral. The samples were fabricated using a layer-by-layer approach involving electron-beam lithography and spin-on glass planarization [54, 55] . Electron-beam lithography was used for the first layer of crosses, which were prepared on a glass substrate covered with a 5 nm thin film of indium-tin-oxide (ITO). In the next step, the surface was planarized with commercial spin-on dielectric (IC1-200, Futurex, Inc.). The dielectric layer was then made thinner by reactive ion etching (SF 6, Plasmalab80Plus, Oxford Instruments Plasma Technology). Finally, a second layer of crosses was fabricated using electron-beam lithography. Great care was taken to align the crosses in the second layer on top of those in the first layer, and maximum misalignment was smaller than 10 nm over the entire sample area. The resulting fabricated crosses are 25 nm thick and separated by a 35 nm thick spacer. For the present work, where the goal is to address individual chiral nano-objects, the relevant entity is thus a twisted-cross nanodimer, which consists of the two achiral crosses on top of each other. Ideally, the nanodimers belong to the point group symmetry C 4 , which for the linear and second-order responses is equivalent to in-plane isotropy. The twisted-cross nanodimers were ordered in a square array with a 500 nm period. These dimers covered an area of 100 μm x 100 μm. We emphasize that good overall sample quality was achieved as can be clearly seen from Fig. 2(a) . Both left-handed (lh) and right-handed (rh) twisted-cross nanodimers [Figs. 2(b) and 2(c)] were fabricated on the same substrate.
The samples have earlier been characterized by linear transmittance spectroscopy and have been shown to exhibit two distinct resonances, which correspond to the effective oscillation modes of the two coupled crosses [15] . The two resonances occur at wavelengths of 1200 nm and 1550 nm, which are somewhat longer than the fundamental wavelength used in the SHG measurements. The samples have also been reported to exhibit pronounced circular dichroism at the resonance wavelengths and displayed significant optical activity between the two resonances. The linear optical properties are well described by the common approaches for electromagnetic modeling. In the present paper, however, we utilize SHG microscopy to investigate the nonlinear response of the twisted-cross dimers. This technique is expected to be sensitive to the overall chiral structure of the dimers. However, the response may also be modified by the nanoscale surface roughness evident in Figs. 2(a) and 2(b) as well as in situ laser-induced damage.
The samples were characterized microscopically by using an average laser power of 5 mW before the illuminating objective (O1) in our microscope (Fig. 1) . This power setting provided reasonably detectable SHG signals from the dimers and was significantly smaller than the threshold power estimate of 20 mW from which photodamage at the focal region is observed. At this chosen power level, we obtained highly repeatable microscopy images of the dimers. It is also worth noting that the detected nonlinear responses from the nanodimers actually emanated from the focal region. This was evidenced by rapid attenuation of the measured SHG signals when the sample was moved in small axial displacements away from the focal region.
Results and discussions
Representative images acquired using the transmitted SHG signals are shown in Fig. 3 for the lh and rh twisted-cross samples excited by the LHCP and RHCP fundamental light. The first general observation is that the SHG signals exhibit variations with the 500-nm periodicity of the array. Even though this periodicity is sub-wavelength for the fundamental laser used, our microscope is able to address the overall response of the individual dimers. Another important observation is that the SHG responses of the individual dimers vary, which is better seen from Y-stacked composite SHG line profiles [Figs. 3(c), 3(d), 3(g) and 3(h) ]. The peak-to-peak variation of the SHG intensity is about a factor of five. We believe that the strongest individual hot spots in the images are due to localized defects in some of the dimers, which support particularly strong local fields at the wavelength of our laser and for the particular polarization used. On the other hand, the RMS variation in the SHG signals is on the order of 30%. The detected SHG intensity scales with the square of the effective nonlinear susceptibility of each dimer, which is the fundamental quantity associated with the structure. We may therefore argue that, on the average and in terms of their SHG response, the individual dimers differ from the average by about 15%. Fig. 3 for the two polarizations are within each other's error bars, whereas those of the SHG-CD response of Fig. 4 are not. The SHG-CD responses averaged over the whole image area are found to be 0.32 for the lh and 0.35 for the rh structures. The almost equal magnitudes and opposite signs are in excellent agreement with the expected result. Regardless of the few individual dimers that give rise to a SHG-CD response of the wrong sign, the CD response is thus strongly correlated with the handedness of the dimer. To estimate the reliability of the SHG-CD response in detecting the handedness of the individual dimers, we calculated the percentages of pixels with the proper sign of the CD response for the lh and rh twisted dimers, which were 93% and 95%, respectively. In addition, the CD responses with the wrong sign do not arise from the limitations of the technique but are related to the properties of the sample. Furthermore, the SHG-CD responses of the wrong sign are at least partly related to the presence of exceptionally strong SHG signals, e.g., the two very bright dimers in Fig. 3(b) . As already mentioned, such very bright signals are most likely due to strongly favorable defects of the particular dimer for efficient SHG. These results imply that we are able to recognize the handedness of individual nanodimers quite reliably even though their overall SHG responses vary.
We next return to the possible role of defects in SHG from the present samples. Our twisted dimers belong ideally to the point group symmetry C 4 , which is equivalent to in-plane isotropy of the sample for SHG. For this symmetry, SHG signals can only be generated in the presence of field components in the direction of the sample normal [39-41]. Our microscopic technique gives rise to such longitudinal field components even when the experiment is performed at normal incidence. Under our focusing conditions, however, the field amplitudes of the longitudinal components remain an order of magnitude weaker than the transverse components.
Any defects of an individual dimer, however, can break its ideal symmetry and give rise to in-plane anisotropy and in-plane chirality. This would allow SHG even with in-plane field components. If such symmetry breaking effects were strong, we would expect both the SHG signals and the SHG-CD responses to vary essentially randomly from one dimer to another. 
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This is particularly so because the transverse field components are significantly stronger than the longitudinal components. For the present samples, however, the SHG signals vary more than the SHG-CD responses. This suggests that the role of the defects is to influence mainly the coupling of the dimers to the longitudinal field components, but not to break the in-plane symmetry of the samples. Such effects would thus mainly affect the absolute SHG signals but be less important for the SHG-CD response. The results of the SHG measurements thus suggest that the overall quality of the samples is very good. We finally note that other authors have also used SHG to address chiral nanostructures in a traditional surface SHG setup [56] [57] [58] . Their samples consisted of single-layer arrays of Gshaped metal structures. Both SHG-CD [56] and SHG-LD [57, 58] effects were observed. The SHG-CD response was shown to arise from supraelement level in which the relative orientation of the adjacent particles was crucial, although even individual G's are chiral. Furthermore, the size of the G particles was about 1 μm wide. The particles were thus larger than the 800 nm wavelength of the laser used. Consequently, in the microscopic measurements, the authors were able to address parts of individual particles and attempted to correlate them to the possible hot spots of the local-field distribution. In contrast to this, our twisted-cross nanodimers have sub-wavelength size. We have therefore measured the overall response of the individual dimers, which is more directly associated with its structural symmetry independent of the details of the local-field distribution within the dimers.
Conclusion
In conclusion, we have demonstrated that second-harmonic generation microscopy with circularly polarized light can be utilized to probe chirality of individual subwavelength-sized objects. The technique is very sensitive to nanoscale structural features of metal nanoparticles, where the overall second-harmonic response arises from a complicated interplay of the plasmonic resonances of individual particles and their structural defects. For samples of low quality, the response could even be dominated by symmetry-breaking defects of the structure.
In the present paper, the technique was applied to double-layer twisted-cross chiral gold nanodimers organized in a two-dimensional array. Our microscope was able to resolve individual dimers, whose second-harmonic responses were found to vary significantly. Although the RMS variation in the responses was relatively small, some nanodimers were found to lead to significantly higher second-harmonic response. This behavior was explained by the nanoscale defects of the particular dimers that are favorable for efficient secondharmonic generation for the wavelength and circular polarization used.
In spite of the large variations in the second-harmonic responses of individual dimers, the general observation is that dimers of a given handedness lead to stronger second-harmonic generation for one circular polarization of fundamental light than the other. For the samples investigated, the average circular-difference response in the second-harmonic efficiency was on the order of 0.35. The circular-difference response was also found to vary between individual nanodimers. Importantly, however, the circular-difference response was significantly more uniform than the second-harmonic signals themselves. The technique thus provides a reliable way to address the handedness of chiral nano-objects.
Due to its superior sensitivity to the structural features of nano-objects and their chiral properties, we expect polarized second-harmonic generation microscopy to become a useful tool in the characterization of the quality and symmetry of nanostructures. In the future, it will also be interesting to extend the technique from circular-difference effects to a more complete tensor analysis of the nonlinear response of individual nanoparticles.
